Investigations of propagation into and within buildings at 900, 1800, and 2300 MHz have been undertaken, using buildings both in the University of Liverpool precinct and in the commercial center of the city of Liverpool, United Kingdom. The emphasis of this article is the modeling of radio transmission into buildings that uses the measured penetration loss values in order to adjust the propagation models developed for the outside areas, and the modeling of radio transmission within buildings, starting with the simple distance-power law. Those models are very useful for economical reasons and are sufficiently fast for rapidly estimating coverage regions. However, more accurate models have been developed from experimental results, and are presented here. For those more precise models to work properly, it is necessary to know the environment and all the variables that may influence the propagation of the radio signals.
The use of radio equipment inside buildings involves a radio propagation environment that differs from the more familiar street-level situation so extensively studied in connection with vehicle-borne transceivers [4, 51. Propagation models that adequately describe the signal in open and urban areas are no longer adequate, since there will be a building penetration loss associated with the indoor environment [6-81. This additional loss will depend on a large number of factors with various degrees of importance. Among them are the transmission frequencies, the distance between the transmitter and receiver, the building construction material, and the nature of the surrounding buildings. Several researchers have studied the problem of receiving radio signals inside buildings and model it as the distance dependency of the path loss when the mobile is outside a building, plus a building loss factor. The building loss factor is included in the model to account for the increase in attenuation of the received signal observed when the mobile is moved from outside a building to inside. This model was first proposed by Rice 191 in 1959 , and has been used in most subsequent investigations.
In addition to penetration loss, system designers are also interested in learning about the received signal variability and the effects of building height, conditions of transmission, construction materials, and frequency of operation. Several research activities that deal with these aspects have been reported in the literature [l, 3, 9-11] . The general conclusions for the propagation into buildings are:
Small-scale signal variation is Rayleigh distributed. 0 Large-scale signal variation is log-normally distributed with a standard deviation related to the condition of transmission and area of the floor. For non-line-of-sight transmissions, the standard deviation is approximately 4 dB. For partial to complete line-of-sight conditions, the standard deviation increases to 6-9 dB. 0 The penetration loss decreases at higher frequencies: 14.2 dB at 900 MHz, 13.4 dB at 1800 MHi, and 12.8 dB at 2300 M E . 0 In general, the rate of change of penetration loss with height was found to decrease with height by 1.4 dB1floor on average (1.38, 1.36, and 1.50 dB/floor for signals at 900, 1800, and 2300 MHz respectively).
In the within buildings propagation case, most of the research activities that have been reported in the literature [l, 7, 12, 131 are mainly concerned with the investigation of the small-and large-scale statistics of the received signal and the variability of the floor's mean signal level. The significant conclusions related to propagation within buildings are as follows: 0 Small-scale signal variations are Rayleigh distributed. * Large-scale signal variations are, reasonably, log-normally distributed with a standard deviation value of about 16 dB. 0 The rate of change of mean signal per floor was, on average, approximately 8.5 dB. However, careful examination of the results [ l ] reveals three different slopes: 6.5, 6.1, and 6.7 dB/floor, respectively, for 900, 1800, and 2300 MHz, when considering floors below that on which the transmitter was located; and similarly, -10. 5,-10.4 and -10.8 dBIfloor, when considering the measurements conducted on floors above the transmission location. Of importance also is the dependence of the overall signal coverage on the position of the transmitter inside the same building. By locating the transmitter in a very large room in the middle of the building, the signal coverage can be increased substantially [7] . This is desirable in 1 cellbuilding signal coverage. For a multicell-per-building radio system, aspects other than signal coverage should also be considered. One of the earliest approaches to statistical modeling of propagation totally within buildings was reported by Alexander [12] , who stated that the path loss within buildings at 900 MHz can be predicted using the simple distancelpower law. Motley and Keenan [13] have also undertaken a series of indoor measurements a t 900 and 1700 MHz in a building of standard steel-frame construction with brick external walls and plasterboard internal partitions. Their modeling results have shown that a better fit to the experimental data can be achieved by introducing to the Alexander model a correction factor, Fgoor, representing the signal attenuation per floor.
Measurement Results

Into Building Experiments
The tests were undertaken using a fixed base station transmitter and a mobile receiver. The signal transmitted from the base station was received using a purposebuilt data logging system, which was wheeled around the building on a trolley.
The base station consisted of a CW transmitter feeding a collinear antenna, raised clear of local obstructions. It produced an effective radiated power (ERP) of 38 dBm a t 900 MHz and 32 dBm a t 1.8 and 2.3 GHz. A vertically polarized omnidirectional antenna was also used at the mobile. with a ground plane 1.4 m above the floor. Each sample of data collected in a particular room in the building was normalized by the average signal strength within that room. The normalized data for each room were then collated to form a data file consisting of fast fading only. The distribution of this component describes the small-scale signal variations. The local mean was estimated by averaging the signal strength over 200 samples symmetrically adjacent to every point (i.e., the process known as moving average). The largescale signal distribution was determined by testing the departure (in decibels) of the average signal strength of each room from the average signal strength for the whole building. The inside average signal strength was determined for each room of the buildings measured. Outside signal strength was measured at street level around the perimeter of the building, along the closest available path to the building's outside walls. The full description of the experimental procedure and data processing may be found in [l] .
Forty tests were conducted in the University of Liverpool precinct in order to assess the effect of transmission condition on signals propagating into and within buildings at 900, 1800, and 2300 MHz. Another 46 experiments were conducted in the city center of Liverpool and in different buildings of the university precinct to examine the values of penetration loss at ground-floor level at 1800 MHz only.
As stated previously, the emphasis of this work is the modeling of radio transmission into buildings using either the measured penetration loss values in order to adjust the propagation models developed for outside areas o r the more precise direct modeling. The modeling of radio transmission within buildings starts with the simple distancepower law.
The two distinct regions where penetration loss measurements, at ground-floor level, took place can be characterized as a highly built-up area (i.e., the city center of Liverpool) and a medium built-up area (i.e., the university precinct). Two different locations for the transmitter were selected for each area. For the first set of trials (i.e., the city center), the transmitter was located on the roof of Silkhouse Court (TXl), which is approximately 50 m high. For the second set of measurements in the city center, as shown in Fig. l , the transmitter was set up on the roof of Sun Alliance House (TX2), which is approximately 25 m high. Thirteen experiments were conducted for each transmitter location.
In the second area selected for the penetration loss tests, the transmitter was first placed on top of the Electrical Engineering building (TX3); the structure is approximately 35 m high. For the second set of measurements in the same area, the transmitter was moved west by 100 m, and placed on the roof of the Mechanical Engineering building (TX4), which is 1800 MHz are described in Table 2 ; the relative position of the buildings is presented in Fig. 1 .
Four buildings of the university precinct were selected for the into and within building propagation modeling.
Electrical Engineering, Block A -Seven floors, 27 m high, floor area of 936 m2, steel-framed construction with offices, large laboratories, lecture and research rooms, and large glass windows.
Electrical Engineering, Block B -Four floors, 15 m high, floor area of 700 m2, steel-framed construction with offices with research rooms, workshops, large laboratories, and large glass windows.
Computer Science -10 floors, 33 m high, floor area of 280 m2, reinforced concrete construction with offices and laboratories, and large glass windows.
l i f e Sciences -11 floors, 43 m high, floor area of 729 m2, reinforced concrete construction with offices laboratories, and large glass windows; there is also an annex structure (three floors high) in the south direction of the building.
Offices on all floors of all buildings were crowded with typical office furniture, and the teaching or research laboratories contained experimental equipment according to the specialized demand of each area of study.
Penetration loss at Ground-Floor level -
approximately 40 m high. Ten experiments were carried out for each transmitter location.
The 10 buildings selected in the university precinct for the 20 penetration loss tests are described in Table 1 , and their relative position appears in Fig. 2 . The 13 buildings selected in the city center for the 26 penetration loss tests at
The mean signal levels outside and inside buildings at groundfloor level and the mean value of penetration loss for the two experiments carried out in the city center and the two conducted in the university precinct are presented in Tables 3 and  4 , respectively.
The average values of penetration loss (defined as the Table 3 that the variability of the mean values of penetration loss was significant but, as the distances from t h e transmitter increased, this variability decreased.
It is also interesting to observe that the negative value of penetration loss (i.e., -1.67 dB) obtained in the Derbyshire Building Society (see Fig. 1 , building 12, and Fig. 3 ) was due to the wave-guide action of the buildings on both sides of Exchange Street East. Furthermore, the path chosen for the outside measurements for that particular case was shadowed by the buildings on the corner of Exchange Street East and Dale Street. The consequence was an external mean signal level smaller than the ground floor mean signal level. When the transmitter was moved to the Sun Alliance building (TX2), which is not aligned with Exchange Street East, that effect practically disappeared.
In the experiments conducted in the university precinct, the average values of penetration loss at grofmd-floor level were found to be significantly different (21.4 dB and 16.7 dB) for the two transmitter locations. This difference (i.e., ~i~~~~ 3. ne viewfrom silkhouse court. approximately 5 dB) was due to the illumination condition of thetwo locations. In the city center the main difference between the two transmitter locations, for most of the measured buildings, was the halving of the height. In the university case there were important changes in the relative position of the transmitter concerning the measured buildings, that is, the direction of illumination, line-of-sight path, and distances were changed.
The four sets of field trials yielded an average value of penetration loss equal to 17 dB. 
Within Building Experiments
Personal communications services (PCS), personal communications networks (PCNs), and cordless telephone second and third generations are expected to utilize a small cell structure in order to meet the very large demand anticipated for mobile radio services. In dense urban areas, microcells, or even picocells, may be used. In some situations one large building alone can constitute a microcell; in this case t h e b a s e statlion will be situated within t h e building. An understanding of t h e propagation mechanism within buildings is therefore very important and essential. In this section results of measurements undertaken with transmitter and receiver located within the same building are presented. Twenty-eight experiments have been conducted within four buildings of t h e university precinct.
Path l o s s Attenuation Factor -
The path loss attenuation factors for the within building measurements a t 900, 1800, and 2300 MHz, according to the simple distance power law (i.e., mean-signal-level = intercept -10nloglod) [12] , have been obtained using regression analysis technique, and the results are given in Table 5 . The table shows the results for the experiments numbered 1 to 11, and are related to the different locations of the transmitter inside the buildings, such as Room 602 of t h e Electrical Engineering, Block A (i.e., Exp.1, EEA, R602) and so on.
From Table 5 , it can b e observed that the path loss attenuation factors were, on average, found equal to 5.3, 5.5, and 6.0 for 900, 1800, and 2300 MHz, respectively (i.e., increasing slightly with frequency). The correlation coefficients have been determined around 0.7.
Cox [14] reported path loss attenuation factors (measurements made in the 800-900 MHz frequency band) ranging from 2 to 6 with values of 4 to 5 appearing t o be typical. The spread observed is due to the particular conditions that surround the experiments reported in the literature. The value of the path loss factor is related to the grade of "emptiness" of the places surveyed and the relationship between signals traveling inside, and from outside to inside, buildings, and this may be extremely variable
Modeling: Into Buildings
Most radio propagation models are derived using a combination of analytical and empirical methods. The empirical approach is based on fitting curves or analytical expressions that recreate a set of measured data. This has the advantage of implicitly taking into account all propagation factors, both known and unknown, through actual field measurements. As indicated above, modeling of propagation into buildings involves the Table 4 . Penetration loss in the university precinct. Propagation into (and within) buildings involves a more complex multipath structure than that of the outdoor landmobile radio channel, which is dependent on path length, effective base station antenna height, and the environment local to the mobile. In addition to these variables, indoor propagation is also affected by other empirically observed variables such as building structure and layout of the rooms. After collating all the survey measurements in the university precinct buildings and investigating t h e relationships between a large number of variables, the best of all results, for the into building case, was obtained when three variables were present in the regression equations: the logarithm of the distance, d , the logarithm of the floor area, Af, and the number of building sides seen by the transmitter on each floor of the building housing the receiver, SQ. The resulting models for the path loss, at 900, 1800, and 2300 MHz, were found to be %,goo = -37.7 + 40.010glod + 17.610gl&f-2 7 . 5 s~ Y&OO = -27.9 + 4O.OIOgl& + 23.3 lOgl&f -2 0 . 9 s~ E,J,o~ = -7.9 + 40. 010gl @! + 16.110gl&-2 7 . 3 8~
(1) (2) (3) with the root mean square errors (RMSEs) equal to 2.4, 2.2, and 1.7 dB, respectively.
It is interesting to observe that the Barry and Williamson models, derived from experiments carried out in Auckland, New Zealand, yielded slightly worse values of RMSEs: 3.9 dB for the line of sight case, and 7.2 dB for the obstructed path case 131. Thus, predicting propagation path loss using the models presented in this article should produce more precise results.
M o deling : With in Buildings
As pointed out previously, the establishment of a law relating path loss to distance from the transmitter is of great value in predicting signal strength in a building of a given structure. This will lead t o a model that enables system designers to simulate the channel for the purpose of performance prediction, and permit a comparative study of various alternative models.
Considering the Alexander [12] and Motley and Keenan models as references, Toledo and Turkmani [l, 191 selected a number of other variables for the within building path loss models. The resulting general models for the path loss within multistory buildings, at 900, 1800, and 2300 MHz, were found to be Yromm,900 = 18.8 + 39.01Ogl& + 5.6k~oors -13.OSwzn
where the RMSE values determined were 11.6 dB for 900 MHz, 10.9 dB for 1800 MHz, and 12.4 dB for 2300 MHz. The equations contain only the variables that have mostly contributed to the path loss and can be described as follows: d represents the distance between transmitter and receiver; kfloors is the number of floors separating transmitter and receiver; the variable Swin, also called sight, represents the amount of signal leaving and returning to the building, complemented with some considerations on the ability of the signal to propagate on the floor where the transmitter was located; G G /~ represents the tendency exhibited by the signals to be higher on the first two floors of a building; and Af is the floor area.
For rooms located on the same side of the building where the transmitter was located, Swin was given the value 1. For rooms located on the lateral sides (i.e., the sides perpendicular to the side where the transmitter was located), Swin was given the value 0.5. Swin was made equal to 0.25 for the rooms located on the side of the building opposite to where the transmitter was located. For internal rooms where no windows existed to the outside, Swin was considered equal to 0. Additionally, in areas, rooms, and corridors close to the room housing the transmitter (i.e., the transmitter and receiver were on the same floor), and where the barriers between the transmitter and receiver included only wooden doors, the variable sight was made equal to 1, 0.5, or 0.25 depending on the proximity and the number of corners which have to be turned in the free path joining the transmitter and receiver.
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For rooms located in front of the room housing the transmitter, s,,, was considered equal to 1. If there is one corner (or two) in the corridor joining the transmitting and receiving rooms, S, , , was made equal to 0.5 (or 0.25). S,,, was considered equal to 0 for any other condition. CG,~ was made equal to 1 on the first two floors of the building and equal to 0 on any other floor.
However, better predictions can be made in buildings where the features and transmission conditions are very well known because, in that case, particular models can b e applied, therefore yielding smaller errors. Concerning the best signal coverage inside buildings (i.e., by locating the transmitter in a very large room in the middle of the building, the signal coverage is increased substantially [1, 2, 7] ), particular models at 900, 1800, and 2300 MHz, respectively, were formulated for the Life Science (LSc), Electrical Engineering, Blocks A (EEA) and B (EEB), and Computer Science (CSc) buildings of the University of Liverpool precinct [1] . The best particular models for the Life Science building (i.e., LSc) were given by (7) (9) RMSE = 6.6, 7.2, and 6.8 dB, respectively.
Two new variables were added to the Life Science model: Cmain represents long main corridors, and B,,,, represents the influence of annex structures to the main building on the path loss. B,,,, was considered equal to 1 for the rooms located in the half partition of the building closer to an annex structure, and equal to 0 in any other case. C,,,, was made equal to 1 for the main corridors and 0 for every other area, room, or secondary corridor.
As another example, the best particular models for Electrical Engineering, Block A (EEA), are also reproduced here:
Yroom,1800,EEA = -12.1 + 34.810giod + 10.Ok~oors -8.3SWln 4 . 9 G~1 1 (11) RMSE = 6. 4, 5.8, and 6.4 dB, respectively. The statistical analysis showed that the factors affecting the within building propagation related to Electrical Engineering, Block A, were also present in the Electrical Engineering, Block B, and Computer Science models; the coefficients varied slightly. The buildings are, in a broad sense, similarly structured.
From the analyses of the experiments, it was possible to reach a conclusion that, depending on the relative position of the transmitter and receiver, some of the variables exercised more or less influence on the strength of the received signal. In addition, some other variables had either a positive or negative influence, or even no effect at all on the signal strength. Therefore, high values of RMSE and poor coefficients of determination existed in the final general models. It can be also observed that different conditions of signal transmission and reception are more important in determining the values of each model coefficient than the frequency variation. Nevertheless, better predictions are possible in buildings where the features and transmission conditions are well known because, in that case, particular models can be applied yielding, in consequence, smaller errors.
It has been shown in [l] that the general model (e.g., Eq. 6 in this article) was 13 percent better than the Motley and Keenan model. Furthermore, particular models (e.g., Eq. 9) yielded results about 40 percent better than the equivalent two-variable models.
The weakness of the global models can be explained by the random spread of the coefficients when all experiments were put together, thereby decreasing the importance of the added variables in the global model. Furthermore, the conclusion that some of the variables considered in the models influenced the values of the path loss more than any other variable is not necessarily always correct, especially if the models are to be used in environments which are completely different from that considered in this study. Therefore, it must be emphasized that there is still a great need for additional narrowband measurements over differe n t types of building, and further statistical modeling should be performed.
In summary, the general models can always be applied when at least the distance and number of floors between transmitter and receiver, the floor area, the conditions in which to apply the factor sight ( S, , , ) , and if the receiver is located on the first two floors of the building or not are known. Better predictions, however, can always be made if any other particular feature of the building is known.
Conclusion
This article contains the results of investigation and modeling of radio propagation at 900, 1800, and 2300 MHz for the into and within building scenarios. Measurements of signal strength and signal variability have been made using buildings within the University of Liverpool precinct. Measurements of the average signal strength were also carried out in and outside buildings in the city center of Liverpool in order to estimate the penetration loss in high-density built-up areas. The article also shows the results of measurements undertaken with both transmitter and receiver situated within the same building.
The significant conclusions of the experimental work to assess the effect of building penetration loss, at ground-floor level, on transmitted signals are:
In a high-density built-up area, the average values of penetration loss were found to be similar when the height of the transmitter was halved. Close to the two transmitter positions, the variability of the mean values of penetration loss was significant, but as the distances increased the variability decreased (Table 3) . In a medium-density built-up area (i.e., the university precinct), the average values of penetration loss were found to be different by 5 dB when the illumination conditions changed. Considering all trials, the average value of penetration loss was 17 dB. The rate of change of mean signal level for propagation totally within a building has been measured. The signal attenuates quite rapidly, and according to regression analyses, the best-fit regression line has a path loss attenuation factor n = 5.3, 5.5 and 6.0 for 900, 1800, and 2300 MHz, respectively.
The signal received inside buildings has often been modeled as the distance dependency of the path loss outside a building, plus a building loss factor (i.e., the penetration loss) to account for the increase in attenuation of the received sig-nal when the mobile is inside. For propagation totally within buildings, the power law, d+, where n is the path loss attenuation factor, has frequently been used in order to represent the signal attenuation as a function of the distance inside the building. The modeling of radio transmission into buildings that uses the measured penetration loss values in order to adjust the propagation models developed for the outside areas, and the modeling of radio transmission within buildings, starting with the simple distance-power law, are both very useful for economical reasons, and are sufficiently fast for rapidly estimating coverage regions.
However, Barry and Williamson, and Motley and Keenan have suggested that, by considering other factors in the into building case, and introducing the attenuation factor provided by the floors traversed in the within building case, more precise predictions could be made in both cases. Therefore, starting from the above considerations, and using the experimental results from the measurements undertaken at the three different frequencies in four different buildings at the University of Liverpool, direct modeling of propagation into and within buildings has been obtained [l] , and the main equations have been shown in this article.
It has also been pointed out that: Different conditions of signal transmission and reception are more important in determining the values of each model coefficient than the variation of frequency. Better predictions are possible in buildings where the features and transmission conditions are well known because, in that case, particular models can be applied yielding, in consequence, smaller errors. There is still a great need for more narrowband measurements at frequencies of interest in order to put proper bounds on the statistical values and produce more precise channel models.
